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Abstract
•The gene expression of Bacillus subtilis grown in varying pH’s was measured 
using microarray hybridization. The B. subtilis cells were grown in an acidic pH 
6, a neutral pH 7, and a basic pH 9 to an O.D. 600 of 0.2. Five biological 
replicates from each condition were used for the microarray hybridization, 
preformed at the University of Wisconsin-Madison’s Gene Expression Center. 
Data has just been analyzed with the program D-chip, and preliminary analysis 
of the data obtained from the microarrays is currently underway. The analysis is 
showing that 52.49% of the B. subtilis genes were either highly induced or 
repressed in response to changes in pH. For example the rocA gene which 
encodes a dehydrogenase was up-regulated approximately 36-fold in basic 
conditions. On the other hand the gene alsS which encodes an acetolactate 
synthase was up-regulated in acidic conditions by almost 11-fold. Overall these 
preliminary results are consistent with the original hypothesis that pH causes 
differential gene expression in B. subtilis and that the some of the most highly 
induced or repressed genes are closely involved in pH regulation.
Introduction
•pH (a measure of how basic or acidic a solution is) plays a crucial role in many 
organisms. Maintaining internal pH homeostasis, requires inducing and 
repressing many genes. While most organisms keep their internal pH close to a 
neutral pH 7, some microorganisms like certain photosynthetic cyanobacteria 
are quite tolerant of high acidity and can function at a pH as low as 4. 
•pH is also important in biotechnology. For example, pH and anaerobiosis 
regulate hydrogenases which play a key role in proteobacterial production of H2, 
a potential future energy source.
•B. subtilis is a widely studied model system for gram-positive bacteria, and 
differs only in a few genes from Bacillus anthracis, the causative agent of 
anthrax. 
•B. subtilis is an excellent organism to study because of its large cell size, which 
allows for better observation of differences in pH in individual cells. Also, B. 
subtilis enters a sporulation cycle, which could help us better understand the role 
of pH throughout cell development.
•While the response of E. coli to acid stress has been widely studied, little is 
known about how B. subtilis responds to changes in external pH. 
•Since little is known about how B. subtilis grows in different pH conditions, a 
pre-experiment was needed to determine which pH’s to use for the study. After 
many weeks of growth curve experiments an acidic pH of 6, a neutral pH of 7, 
and a basic pH of 9 were chosen because the bacteria could grow exponentially 
rather reliably under these conditions.
•Our experiment used microarrays to see what genes are up regulated and down 
regulated under different pH conditions.
Results and Discussion
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Bacillus Growing Conditions
•B. subtilis strain MMB8  (obtained from Alan Grossman’s lab) were grown in 
LBK medium which contained 20 mM HOMPIPES buffer (pKa 7.6). External pH 
was adjusted to 6 and 7 with the addition of HCl, and 9 with the addition of KOH. 
•Cultures were grown exponentially to an optical density at 600 nm of 0.2. There 
were five biological replicates for each of the three different pHs.
•B. subtilis RNA was extracted using a Qiagen RNeasy kit. The quantity and 
quality of each sample was checked with a NanoDrop Spectrophotometer and 
aragose gels.
• The RNA was placed in a -80ºC freezer until it was sent to Madison.
cDNA Hybridization and Probe Analysis
•cDNA was synthesized from the extracted mRNA with reverse transcriptase using standard 
protocols for Affymetrix GeneChips.
•cDNA was then fragmented and N-terminusly labeled with Biotin.
•Labeled cDNA was then hybridized to the Affymetrix B. subtilis microarrays using standard 
protocols.
Yhc operon (acid induced)
Gene name pH6/pH7 pH7/pH9 pH6/pH9 Function
yhcA 1.5 2.57 4.07 Similar to multidrug resistance protein
yhcB 1.25 2.18 3.43 Similar to flavodoxin
yhcC 1.24 1.57 2.81 Unknown
Log(2) ratio                               Roc operon (base induced)
Gene name pH6/pH7 pH7/pH9 pH6/pH9 Function
rocA -1.38 -4.63 -6 Pyrroline-5 carboxylate dehydrogenase
rocB -0.34 -3.27 -3.61 Involved in arginine and ornithine utilization
rocC 0.21 -1.06 -0.85 Amino acid permease
rocD 1.07 -3.33 -2.27 Ornithine aminotransferase
rocE 0.66 -2.28 -1.62 Amino acid permease
rocF 0.47 -2.04 -1.56 Arginase
Log(2) ratio                                    Cyd operon (base induced)
Gene name pH6/pH7 pH7/pH9 pH6/pH9 Function
cydA -0.25 -5.62 -5.87 Cytochrome d ubiquinol oxidase subunit I
cydB -0.12 -4.75 -4.87 Cytochrome bd ubiquinol oxidase (subunit II)
cydC -0.2 -4.01 -4.2 ABC membrane transporter (ATP-binding protein)
cydD -0.22 -4.51 -4.74 ABC membrane transporter (ATP-binding protein)
•The chips were then scanned 
and analyzed with the 
computer program D-chip.
•Statistical analysis involved 
using thousands of ANOVA’s 
to obtain significant 
expression ratios.
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•Approximately 52.49% of the B. subtilis
genes showed significant difference in  
expression under the different pH conditions.
•Further analysis of the data and Real-Time 
PCR will reveal much more about B. subtilis 
pH dependent gene expression.
•While the function of many genes are 
unknown, a large number of the differentially 
induced genes are similar to that in E. coli. 
•Below are the most highly acid induced or 
repressed genes.Figure 1. B. Subtilis growth over time in 
response to different pH levels. 
Log(2) ratio Acid Induced
Gene name pH6/pH7 pH7/pH9 pH6/pH9 Function
ysbB 3.68 0.93 4.61 Unknown
yvgW 3.96 0.61 4.57 Similar to heavy metal-transporting ATPase
ysbA 3.39 1.12 4.51 Unknown
yhbJ 1.48 2.95 4.43 Unknown
yckG 2.25 1.94 4.19
Similar to D-arabino 3-hexulose 6-phosphate formaldehyde 
lyase
yhbI 1.49 2.67 4.16 Similar to transcriptional regulator (MarR family)
ydeQ 1.6 2.36 3.96 Similar to NAD(P)H oxidoreductase
yckF 2.3 1.59 3.89 Unknown
alsS 2.96 0.34 3.3 Alpha-acetolactate synthase
katA 1.15 2.08 3.24 Vegetative catalase 1
ynfC 1.92 1.22 3.14 Unknown
alsD 2.51 0.58 3.09 Alpha-acetolactate decarboxylase
trkA 3.13 -0.18 2.95 Potassium uptake
yqjM 1.47 1.23 2.7 Similar to NADH-dependent flavin oxidoreductase
czcD 2.48 0.13 2.6 Cation-efflux system membrane protein
yufR -2.56 4.86 2.31 Similar to an organic acid transport protein
ywkA -0.48 2.7 2.21 Similar to malate dehydrogenase
gspA 2.57 -0.41 2.16 General stress protein
yrhE -1.13 3.24 2.12 Similar to formate dehydrogenase
yflT 2.46 -0.36 2.11 Unknown
•The MarR 
family also 
is induced 
in weak acid 
in E. coli.
•trkA is 
involved in 
K regulation 
in E. coli
under acid 
stress as 
well.
Log(2) ratio Base Induced
Gene name pH6/pH7 pH7/pH9 pH6/pH9 Function
yjdK -1.34 -3.08 -4.42 Similar to cytochrome c oxidase assembly factor
lctE -0.98 -3.28 -4.26 L-lactate dehydrogenase
yhaT -0.64 -3.48 -4.12 Unknown
yweB -1.22 -2.62 -3.84 Similar to glutamate dehydrogenase
fruB -1.85 -1.96 -3.82 Fructose-1-phosphate kinase
fruA -1.41 -2.15 -3.56 Phosphotransferase system fructose-specific enzyme IIBC component
nasD -0.62 -2.97 -3.51 Assimilatory nitrite reductase (subunit)
ywcJ -0.93 -2.5 -3.42 Unknown
ycnI -0.98 -2.43 -3.41 Unknown
ycnK -1.21 -2.18 -3.39 Similar to transcriptional regulator (DeoR family)
ycnJ -1.13 -2.24 -3.37 Similar to copper export protein
fruR -1.82 -1.51 -3.32 Transcriptional regulator (DeoR family)
ydbN -1.52 -1.77 -3.29 Unknown
dhbC -1.29 -1.83 -3.12 Isochorismate synthase
fnr -1.17 -1.87 -3.04 Transcriptional regulator (FNR/CRP family)
lctP -0.88 -2.15 -3.03 L-lactate permease
ysfC -0.35 -2.6 -2.95 Similar to glycolate oxidase subunit
rapK 0.08 -2.88 -2.79 Response regulator aspartate phosphatase
bltD 0.68 -3.09 -2.42 Spermine/spermidine acetyltransferase
yhcA -0.53 -1.5 -2.03 Similar to multidrug resistance protein
•Polyamine metabolism is also induced at high pH in E. coli.
•The extensive Roc operon might be related to B. subtilis’ ability to survive in more 
basic conditions than E. coli.
•Similar to E. coli, B. subtilis minimizes H+ export and induces electron transport in 
basic conditions.
